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a b s t r a c t

A primary objective of molecular phylogenetics is to use molecular data to elucidate the evolutionary his-
tory of living organisms. Dr. Morris Goodman founded the journal Molecular Phylogenetics and Evolution as
a forum where scientists could further our knowledge about the tree of life, and he recognized that the
inference of species trees is a first and fundamental step to addressing many important evolutionary
questions. In particular, Dr. Goodman was interested in obtaining a complete picture of the primate spe-
cies tree in order to provide an evolutionary context for the study of human adaptations. A number of
recent studies use multi-locus datasets to infer well-resolved and well-supported primate phylogenetic
trees using consensus approaches (e.g., supermatrices). It is therefore tempting to assume that we have a
complete picture of the primate tree, especially above the species level. However, recent theoretical and
empirical work in the field of molecular phylogenetics demonstrates that consensus methods might pro-
vide a false sense of support at certain nodes. In this brief review we discuss the current state of primate
molecular phylogenetics and highlight the importance of exploring the use of coalescent-based analyses
that have the potential to better utilize information contained in multi-locus data.

Published by Elsevier Inc.
1. Introduction

Fifty years ago, Dr. Morris Goodman published a series of papers
investigating the molecular systematics of the living primates
(Goodman, 1961, 1962a,b, 1963a,b). These papers were among
the very first studies in the field of molecular phylogenetics. Using
serological data and protein electrophoresis, he inferred the evolu-
tionary branching order of the lemurs, lorises, galagos, New World
monkeys, Old World monkeys, and apes, as well as relationships
among certain species within those groups. Furthermore, he pro-
posed a clade-based primate classification that placed humans
and African apes in the same family (Hominidae) to the exclusion
of orangutans (Pongidae) – a controversial arrangement that met
strong resistance at the time [note: this is prior to the publication
of Willie Hennig’s Phylogenetic Systematics (1966) in English]. Dr.
Goodman’s primary motivation for his primate molecular system-
atic work was to gain a better understanding of our place in the
natural world. In honor of his many contributions we thought
now would be an appropriate time, on the 50th anniversary of
his seminal papers, to assess the field of primate molecular phylog-
enetics in the age of genomics – in particular the use of consensus
vs. coalescent-based approaches when analyzing large multi-locus
datasets.
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2. Analyzing multi-locus data using a single locus framework

One objective of molecular phylogenetics is to provide compre-
hensive and well-supported phylogenies that reflect species rela-
tionships. While this objective has remained constant throughout
the last 50 years, the ability to interrogate different types of molec-
ular data and the methodologies used to analyze these data has
changed considerably. Earlier studies of molecular evolution
inferred species relationships utilizing immunological and hybrid-
ization techniques. Although these studies made exciting contribu-
tions, particularly with regard to our close genetic relationship
to chimpanzees and gorillas (e.g., Goodman, 1961, 1962a,b,
1963a,b), they offered only crude measures of genetic relatedness.
Aided by technical advances in molecular biology, later studies
were able to overcome this limitation by directly sequencing
polypeptide chains and DNA, and from these data infer rates of
sequence evolution, gene trees, and divergence times (e.g., as dis-
cussed in Goodman, 1996). The traditional molecular phylogenetic
framework employed by such studies infers a gene tree and uses it
as a hypothesis for the species tree, and infers divergence times
across the gene tree through the use of a fossil calibration point
and assumption of a molecular clock.

More recently the field of molecular phylogenetics has shifted
from single locus studies to multi-locus studies that capture large
segments of the nuclear genome. In order to apply the traditional
molecular phylogenetic approach to large multi-locus datasets,
multiple regions of the genome are concatenated into a superma-
trix for analysis (reviewed in de Queiroz and Gatesy, 2007), or
genetics in a genomic era. Mol. Phylogenet. Evol. (2012), http://dx.doi.org/
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multiple loci are analyzed separately and the resulting trees are
combined to form a consensus tree (reviewed in Bininda-Emonds,
2004). While it has been known for some time that gene trees can
be incongruent with one another and the species tree (e.g., see,
Goodman et al., 1979), these ‘‘supermatrix’’ and ‘‘supertree’’ meth-
ods (we will from here on refer to these as ‘‘consensus methods’’)
assume that capturing the most common phylogenetic signal or
tree will produce a gene tree that accurately represents species
relationships. Within this framework, gene tree incongruence is
viewed as an obstacle in the search for true species relationships.

The consensus method approach has been used extensively in
recent studies to infer primate phylogenetic relationships from
multi-locus data (including Horvath et al., 2008; Wildman et al.,
2009; Jameson et al., 2011; Perelman et al., 2011; Wang et al.,
2012). For example, Perelman and colleagues (2011) included as
many as 191 primate species across 54 genes and 34,941 ortholo-
gous base pairs in their study and Jameson and colleagues (2011)
sampled eight primate species across more than 1000 genes and
one million orthologous base pairs. As a result, we now have a near
fully resolved, well-supported, and taxonomically complete genus-
level phylogenetic tree for the living primates (Perelman et al.,
2011). But is this phylogeny an accurate representation of primate
species relationships?

Over the past few years, it has become apparent that consensus
methods have theoretical limitations and drawbacks when it
comes to the analysis of large multi-locus datasets (Degnan and
Rosenberg, 2009; Edwards, 2009). For example, obtaining a false
phylogenetic signal through the use of supermatrix methods can
occur if substantial amounts of sequence in the dataset are from
linked parts of the genome and/or have faster rates of evolution
than other parts, thus swamping out potential true phylogenetic
signal found at other loci. Results from the supermatrix method
are also highly influenced by the selection of alleles in the concat-
enation process, which is often not taken into account (Weisrock
et al., 2012). Furthermore, results from consensus approaches can
be confounded by gene tree incongruence due to past hybridiza-
tion and can fail to uncover such subtleties in the evolutionary
history of species. Lastly, consensus methods may lead to very
well-supported and well-resolved relationships that are not con-
cordant with the species tree. This can happen at nodes with short
branch lengths and/or large ancestral effective population sizes
because such nodes are expected to contain gene trees that are fre-
quently discordant from the species tree due to incomplete lineage
sorting (reviewied in Degnan and Rosenberg (2009) and Edwards
(2009)). In such circumstances, the addition of sequence data in
combination with the use of consensus methods could provide
an increasingly false sense of confidence in the inferred relation-
ships.

Consensus methods for inferring divergence times across a spe-
cies tree face similar limitations. Although numerous improve-
ments in inferring divergence times have been developed over
the years, including the use of multiple fossil calibration points,
allowing for error around calibration points, and incorporating rate
heterogeneity across a tree, there remain inconsistencies between
the results of primate divergence date studies that are not fully
understood. For example, we do not know what characteristics
make a sequence dataset ideal for divergence date analyses.
Although it stands to reason that longer sequences will produce
more accurate dates because they allow for better estimates of
mutation rates, obtaining such sequences (i.e., tens of thousands
of base pairs) requires concatenating many genomic regions that
may not have the same history and/or mutation rates. The implica-
tions of this ‘‘averaging’’ approach are not entirely clear as these
methods are meant to infer divergence times within a single gene
tree. Furthermore consensus methods do not inform us on the tim-
ing of actual speciation events because gene tree divergence al-
Please cite this article in press as: Ting, N., Sterner, K.N. Primate molecular phylo
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ways predates species tree divergence by a time period that
depends on ancestral effective population size, which consensus
methods do not take into account.

3. Emergence of a new paradigm in molecular phylogenetics

The theoretical disadvantages of using consensus methods to
analyze large multi-locus datasets are driven by a general lack of
consideration for the population processes that underlie species
relationships. Specifically, by treating the gene tree incongruence
caused by various population processes as an artifact to be ignored
rather than an important component of species histories, both
supermatrix and supertree methods fail to utilize large genomic
datasets to their full potential. Continued research into coalescent
theory has led to the development of a framework that better real-
izes this potential for inferring species histories.

Coalescent theory refers to a retrospective model in population
genetics that traces all alleles of a gene shared by individuals in a
population to a single ancestral copy. The resulting tree-shaped
genealogy shows ancestor–descendant relationships among alleles
back in time and is known as ‘‘the coalescent.’’ Most commonly
attributed to Kingman, coalescent theory was originally described
as a set of probability models that demonstrated the time it would
take for this process to occur in an idealized population based on
genetic drift and population size (Kingman, 1982). After noting
the difference between gene trees and species trees in early molec-
ular phylogenetic studies (e.g., Goodman et al., 1979), molecular
evolutionary biologists realized that this discrepancy can occur
because of the coalescent process (Gillespie and Langley, 1979;
Tajima, 1983; Hudson, 1983; Pamilo and Nei, 1988; see also refer-
ences in Felsenstein, 2004). Through this work, some researchers
started to view species trees as statistical distributions of genea-
logical coalescents, or a ‘‘cloud of gene histories’’ (Wu, 1991;
Maddison, 1997; see also references in Felsenstein, 2004). It was
also realized that, because coalescent theory is grounded in proba-
bility, direct inference of the species tree could be attained by cal-
culating the likelihood that a set of gene tree topologies might exist
within a given species tree topology given branch lengths and
ancestral population sizes. This theoretical framework is now com-
monly referred to as the ‘‘multi-species coalescent’’ (Degnan and
Rosenberg, 2009). With the collection of multi-locus datasets from
non-model organisms becoming more common and an increase in
access to computational power, there has been a recent prolifera-
tion of programs that use this framework for phylogenetic analysis,
each of which implements the theory in different ways (see Liu
et al., 2009 and Knowles, 2009 for reviews of some of these pro-
grams). In addition to directly inferring the species tree, many of
these programs are also capable of inferring population divergence
times (as opposed to gene tree divergence times) and estimating
ancestral effective population sizes (e.g., BEST and �BEAST; Liu,
2008 and Heled and Drummond, 2010, respectively). Therefore,
in theory these approaches hold a substantial advantage to
supermatrix and supertree methods.

3.1. Performance of species tree inference within a coalescent
framework

Despite growing support for coalescent-based approaches for
species tree inference, their implementation has brought mixed re-
sults. In comparison to the supermatrix approach, simulation-based
studies have shown that the coalescent approach is more accurate
in inferring the species tree when there is a high degree of gene tree
incongruence (Edwards et al., 2007; Kubatko and Degnan, 2007).
However, empirical studies have shown that coalescent approaches
often contain lower levels of support and/or resolution than
consensus approaches (e.g., Leache, 2010; Townsend et al., 2011;
genetics in a genomic era. Mol. Phylogenet. Evol. (2012), http://dx.doi.org/
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Weisrock et al., 2012; Perez et al., 2012). One can thus conclude that
either: (1) the coalescent approach is not as powerful as the consen-
sus approach in resolving species relationships, perhaps due to
phylogenetic noise from numerous unresolved trees and/or missing
data from different partitions (Townsend et al., 2011), or (2) the
consensus approach provides a false sense of support, and the
multi-species coalescent results are true representations of phylo-
genetic uncertainty (Leache, 2010; Weisrock et al., 2012).

Currently, it is not entirely clear which of these alternatives is
more likely, partly because it is unclear how the coalescent-based
approaches perform under a variety of circumstances when han-
dling empirical data. Thus far, studies suggest that taxon sampling,
missing data, mutational variance across loci, accurate priors (e.g.,
mutation rate, effective population size), and the fit of the evolu-
tionary history of the species sampled to the assumptions of the
implemented model can all affect the accuracy of multi-species
coalescent results (McCormack et al., 2009; Leache and Rannala,
2011; Knowles et al., 2012). However, further research into this
area is difficult due to a dizzying number of programs that have
been developed, all of which take different parameters into ac-
count (e.g., gene tree uncertainty; see Knowles, 2009 and Knowles
et al., 2012). Furthermore, numerous empirical studies have found
that the most sophisticated Bayesian coalescent methods for
species tree inference (those that jointly infer gene trees and the
species tree while explicitly modeling individual gene tree uncer-
tainty; e.g., BEST and �BEAST; Liu, 2008 and Heled and Drummond,
2010) are too computationally intense for some large datasets
(Weisrock et al., 2012; Perez et al., 2012). These studies note that
chains failed to converge despite running analyses for 200–600
million generations under a variety of priors. This may be the result
of very shallow and/or fast divergence events, large ancestral
effective population sizes, and missing data, all of which make
accurate resolution very difficult (Edwards et al., 2007; McCormack
et al., 2009). Lastly, it is likely that there is not one program that
implements the multi-species coalescent method in the best possi-
ble way, but different programs may be better suited to address
different taxonomic groups depending on the underlying species
history (Knowles, 2009). Therefore, it is important to minimize
missing data, appropriately sample lineages around short
internodes, and use programs that employ models that are likely
to match the evolutionary history of the species under investiga-
tion.

There are many areas for fruitful research and improvement
using coalescent-based approaches to molecular phylogenetics.
One limitation to most programs has been the assumption that
all gene tree incongruence is due solely to incomplete lineage sort-
ing, although some implementations now allow for hybridization
(e.g., Meng and Kubatko, 2009; Yu et al., 2011). Another limitation
associated with most programs is the assumption that recombina-
tion does not occur within loci, which has limited datasets to a rel-
atively small number of short loci that need to be from different
regions of the genome. Thus it is unclear how these methods might
deal with hundreds, or thousands, or tens of thousands of loci, and
long stretches of contiuous genomic data cannot be used (see be-
low for a discussion of a potential exception – CoalHMM). These
amounts and types of data are quickly becoming available as use
of next generation sequencing methods becomes more prevalent
in studies of non-model organisms. Obtaining a better understand-
ing of how large datasets, including those with missing data, might
be handled is required through empirical testing.
4. Primate molecular phylogenetics in the age of genomics

Primates are an ideal group to use for testing new molecular
phylogenetic approaches. Compared to other non-model and
Please cite this article in press as: Ting, N., Sterner, K.N. Primate molecular phylo
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mammalian groups, there is already an abundance of empirical
multi-locus data from which to draw. In addition to the Jameson
et al., 2011 (1000 + loci) and Perelman et al., 2011 (54 loci) datasets
that span the primate order, phylogenomic datasets have been
published for targeted primate groups such as the lemurs (18 loci,
Horvath et al., 2008), New World monkeys (11 loci, Wildman et al.,
2009), colobines (44 loci, Wang et al., 2012), and gibbons (20 loci,
Kim et al., 2011).

Nearly all primate molecular phylogenetic studies thus far
have used consensus methods for species tree inference. This
is a potential concern given that some of the theoretical prob-
lems involved in the use of such methods are known to be is-
sues in primates, such as ancient hybridization (see examples in
Zinner et al., 2011) and fast speciation events with short inter-
nodes (e.g., gibbons, Kim et al., 2011; colobines, Wang et al.,
2012). Recently, two studies have been published that use a
multi-species coalescent approach to infer primate species trees
and both have contributed valuable insight into the use of these
methods. Weisrock et al. (2012) analyzed alleles from 12 loci
across the lemurs and showed that choice of alleles can have
a strong affect on phylogenetic inference, and Perez et al.
(2012) reanalyzed the Perelman et al. (2011) dataset in New
World monkey genera and highlighted the lower levels of sup-
port and resolution present in the coalescent methods and the
lack of convergence when larger datasets with missing data
are used. This raises the question as to whether or not some
of the primate molecular phylogenetic relationships that have
been inferred thus far are indeed an accurate representation
of the primate species tree. It is thus important to continue
re-evaluating primate molecular phylogenetic relationships
using a combination of approaches, and results need to be care-
fully interpreted knowing that consensus methods have their
disadvantages and coalescent methods are still being developed
and tested. In addition, species tree inference is only one aspect
of many multi-species coalescent methods as population diver-
gence times and ancestral population sizes can also be esti-
mated, but this aspect of the framework has been under
utilized and needs to be further explored.

Lastly, we would like to note one implementation of coales-
cent theory in phylogenetics that has been used extensively in
primates (hominoids in particular), which is the comparison of
long stretches of primate genomic data to investigate the evolu-
tionary processes (mutation, drift, gene flow, selection) most
important in shaping patterns of genome variation (see Siepel
(2009) for an extensive review). Specifically, a coalescent hidden
Markov model (CoalHMM; Dutheil et al., 2009) that incorporates
recombination has been implemented. This allows multiple histo-
ries to be parsed out from long stretches of continuous sequence
data for the inference of levels of incomplete lineage sorting, tim-
ing of population divergences, ancestral effective population sizes,
and ancestral recombination rates (Patterson et al., 2006; Hobolth
et al., 2007; Burgess and Yang, 2008; McVicker et al., 2009;
Mailund et al., 2011; Scally et al., 2012,). To our knowledge, this
model has not been implemented to infer species relationships
and has instead used fixed relationships among the hominoids
for the inference of other population and genomic parameters.
However, such a model should also enable one to infer the most
likely species relationships and could be implemented in whole
genome comparisons among multiple primate species, given suf-
ficient computational power. Primates are an ideal study group
for testing such whole genome approaches, as there are more
primate draft genomes available on Ensembl than any other
mammalian group. Continued analysis of primate genomes within
a coalescent phylogenomic framework will lead to further
insights into species relationships, divergence, adaptation, and
evolution (Siepel, 2009).
genetics in a genomic era. Mol. Phylogenet. Evol. (2012), http://dx.doi.org/
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5. Conclusion

It is clear that a paradigm shift has occurred in molecular phy-
logenetics that blurs the line between population genetics and
phylogenetics. However, despite theoretical advantages and a re-
cent proliferation of implementations, there is still much to learn
about these coalescent approaches to species tree inference, partic-
ularly when applied to real data. Primates are an ideal taxonomic
group for empirical testing of newly developed coalescent methods
due to the availability of multi-locus datasets and a variety of pri-
mate genomes. Continued exploration of new methods with geno-
mic data will ensure that the field moves towards Dr. Goodman’s
goal of inferring an accurate primate family tree and enabling a
more complete understanding of human and nonhuman primate
evolution.
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